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A THEORY FOR STABILITY AND BUZZ PULSATION AMPLITUDE IN RAM JETS AND AN
EXPERIMENTAL INVESTIGATION INCLUDING SCALE EFFECTS!

By Rorert L. TraeI

SUMMARY

A theory based on quasi-one-dimensional flow has been
developed for determining factors affecting stable flow through
ram jets with supersonic diffusers. Stable flow for such ram
jets 18 shown to depend upon the instantaneous values of mass
Jlow and total pressure recovery of the supersonic diffuser
and immediate neighboring subsonic diffuser. Conditions for
stable and unstable flow are considered. The theory is found to
be in agreement with the experimental data of NACA TN
3606 and NACA RM L50K30. This theory indicates that
the model assumed in the resonator analysis of NACA TN
3506 may be considered a rough approzimation to the actual
phenomena when applied for purposes of obtatning the general
trends and orders of magnitude of frequency and amplitude of
oscillation provided that the wave length of the highest frequency
component of the oscillation be much larger than the length
of the ram jet. The resonator analysis is not applicable to a
determination of the initial instability of the inlet without
combustion and should not be so applied to obtain such
stability criteria.

A simple theory for predicting the approximate amplitude of
small pressure pulsation in terms of mass-flow decrement from
minimum-stable mass flow was developed and found to agree
with experimenial data.

Cold-flow tests at a Mach number of 1.94 of ram-jet models
having scale factors of 3.15:1 and Reynolds number ratios of
476 :1 with several supersonic diffuser configurations showed
only small variations in performance between geometrically
similar models. The predominant variation in steady-flow
performance resulted from the larger boundary layer in the
combustion chamber of the low Reynolds number models.
The conditions at which buzz originated were nearly the same
for the same supersonic diffuser (cowling-position angle)
configurations in both large- and small-diameter models.
There was no appreciable variation in stability limits of any
of the models when the combustion-chamber length was in-
creased by a factor of three. The unsteady-flow performance
and wave patterns were also stmilar when considered on @
reduced-frequency basis determined from the relative lengths of
the model. The negligible effect of Reynolds number on sta-
bility of the off-design configurations was not anticipated in
view of the importance of boundary layer to stability, and this
result should not be construed to be generally applicable.

INTRODUCTION

The buzzing, or oscillation, of the shock configuration at
the inlet of supersonic diffusers has been the subject of many
investigations since 1944 when Oswatitsch (ref. 1) first
encountered the phenomenon in axisymmetric inlets with
central bodies. Recent research has shown that buzzing
is not limited to axisymmetric conical center-body inlets
but is also associated with scoop-type inlets and perforated
convergent-divergent diffusers (ref. 2).

The operation of ram jets at off-design conditions due to
flight speeds less than the design speed or due to various fuel-
air ratios, as well as maneuvering at design speed, results in
operation at reduced values of mass flow; in other words,
the area of the stream tube swallowed by the inlet is smaller
than the cross-sectional area of the inlet. In order to obtain
this reduced mass flow there must be a change in the shock
pattern of the inlet. In the axisymmetric center-body-type
inlet any reduction in mass flow over that accomplished by
the deflection of the stream lines across the conical shock
can be obtained only as a result of the motion of the second
or so-called “normal shock,” which is usually at or to the
rear of the cowling entrance at design Mach number. This
shock moves forward to effect mass-flow spillage in the sub-
sonic region existing just behind it. The mass-flow reduction
in the various other types of inlet is also mainly dependent
on the normeal shock. Buzzing occurs when the flow pattern
becomes unstable at the position to which the normal shock
is forced to move in order to satisfy the particular mass-flow
requirements of the ram jet.

The performance of a diffuser is reduced by instability
(ref. 3) and in addition the resulting pressure fluctuations
can produce serious combustion and structural problems
depending on the oscillation amplitude. Consequently,
it is essential for efficient operation that the buzzing be either
eliminated, avoided, or its amplitude controlled at a small
value.

Various criteria for determining the cause of instability
have previously been reported. Reference 4 expounds the
effects of a vortex-sheet induced separation as one cause,
whereas reference 5 and others have shown separation on
the central body to be another contributing factor in absence
of combustion instability or rough burning. In addition
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to the aforementioned theories based on fundamental aero-
dynamic phenomena, a modified Helmholtz resonator con-
cept (ref. 6) has been proposed to predict the onset of
instability as a function of the slope of the mean pressure-
recovery mass-flow curve.

In an investigation made at the Marquardt Aircraft Co.
in 1951, W. J. Orlin and L. C. Dunsworth proposed a sta-
bility criterion, based only on the steady flow ahead of the
cowling, in which a zero slope of the curve of cowling static
pressure against mass flow predicts the start of buzz. Ex-
perimental results, however, have shown that the flow to
the rear of the inlet lip can influence stability.

The mechanism for the continuation of the cold-flow-
buzzing cycle, once it has been initiated, was investigated in
reference 5 and the various traveling waves moving up and
down the ram jet were theoretically computed on a quasi-
one-dimensional basis and found to agree closely with
experimental results. However, an experimental value of
the strength of the initial wave had to be used as a starting
point for the computations.

Since predictions of the buzzing phenomena by any of
the methods described have not been infallible, the only
recourse in determining the behavior of a particular ram
jet has been to actually test the configuration. The testing
of full-scale units is both difficult and costly so that the
obvious solution is the testing of small-seale models, provided
that the model behavior can be properly correlated with the
actual ram jet for both steady and unsteady flow.

A possible method for predicting the amplitude of the
pressure oscillations, based on a further modification of the
Helmholtz resonator concept previously mentioned, was
proposed in reference 7. Again an experimental point was
used to get a basis from which to make further involved
computations. Furthermore, the procedure required to
obtain the amplitude by this method is quite involved and
lengthy so that it would be advantageous to have a simple
short method for amplitude prediction.

A theoretical and experimental investigation was con-
ducted at Langley to gain further information regarding
the cold-flow-stability limits for buzzing and regarding
model scale effects in steady and time-dependent flow.
In addition, a simple approximate theory for predicting
pulsation amplitude was derived on a linearized one-dimen-
sional acoustical basis.

SYMBOLS
a local speed of sound
da perturbation to local speed of sound
5g functional solutions to wave equation
m mass flow through model
my mass flow through model at start of buzz

mass flow at infinity through a stream tube of
diameter equal to cowling-lip diameter

n integer denoting number of wave traversals in

each oscillation cycle (equivalent to quotient

of oscillation wave length divided by twice

ram-jet length)
P pressure
Ap,p perturbations to pressure
r radial distance measured from axis
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7y maximum internal radius of model

7 radius of outer rake tube

™ radius of center-body surface

3 radius of cowling inner surface

t time

w turbulence velocity

T axial distance measured from cowling lip
0,,C;,Cy,C,  constants defined in equations

D nominal (maximum internal) diameter of models
FG functional solutions to wave equation

L length of model

M Mach number

U fluid speed in ram jet

AUBSU perturbations to fluid speed in ram jet

fluid speed in free stream

maximum fluid speed if fluid is expanded to zero
pressure

angle of attack, deg

ratio of specific heats, assumed equal to 1.40

axial coordinate in moving wave system

density

perturbations to density

viscosity

period of oscillation

frequency of oscillation

velocity potential

perturbation to potential

Subscripts indicate following states unless otherwise noted:
b start of buzz

Vv
Vinaz

'S-Eﬂt_[gbm-eg
o
©

>
©

t local stagnation conditions
© free stream
max maximum value during cycle

min minimum value during cycle

THEORY FOR APPROXIMATE PRESSURE AMPLITUDE
OF BUZZ

A low-amplitude buzzing, while not beneficial to the per-
formance of a propulsion unit, might under certain circum-
stances (such as a particular off-design operation encountered
only for short-time periods) be less undesirable than the per-
formance penalty required to avoid buzzing completely, It
would then be advantageous to be able to predict the ampli-
tude of buzzing as a function of mass flow. Reference 7
presents one method, based on resonator principles, which is
quite lengthy and tedious and also yields a constant ampli-
tude throughout the combustion chamber in contrast to
experimental data which show varying amplitude. Conse-
quently a simple linear theory has been derived to permit
facile computations of the relation of pressure amplitude at
various positions in the ram jet to mass flow.

A linearized equation of motion for small disturbances
superimposed on a one-dimensional isentropic steady flow
may be obtained by neglecting products of perturbations, of
the derivatives of perturbations, of the perturbations and
derivatives of perturbations, and so forth, in respect to the
first power of said perturbations. Let the steady flow be
defined by the parameters U, p, p, and a. Then the unsteady
flow is defined by U48U(z,2), p+op(zt), p+6p(z,t), and
a-t-éa(z,t). For the above conditions and restrictions the
equations of continuity and momentum become (when
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subscripts denote partial differentiation)

ops+U dptp 8U.=0 1)
SU AU 80— —% ‘ff-’ 50z )

Differentiating equation (1) with respect to # and equation
(2) with respect to time gives

6th+U 8ptp ‘SU:::;=O (3)
5U11+U 5U21=—% %‘f 0Pz (4)

Combining equations (3) and (4) results in the following
equation:

1 dp [U 5p,,+p 5U,=] 5U:1+U 5Uzt (5)
Differentiating equation (2) with respect to z gives

+ =9
8U,+U U, A 8Pz (6)

Substituting equation (6) in equation (5) and rearranging,

using a-=3—: yields the following differential equations:

_U 6Ux} []2 5Un+ aU BU;;-I_U BU:’ (7)

oU = (az—U’)ﬁUz— 2U BU,,, (8)

It may be verified by substitution that solutions of equa-
tion (8) are to be found in the form

U=f[a—U~+ajij+glt—U—a)] ©)

The first term represents a wave moving with a velocity
of U+a and the second, awave traveling with a velocity U—a.

These solutions are to be expected since if a potential
¢=Uz+8¢ exists, where §U=é¢., equation (8) becomes,
after partial integration with respect to z,

5¢u=(a'2—U7)5¢::_2U S (10)
Equation (10) could also have been obtained from the simple

. 1 . . .
wave equation, ¢Ee=g ¢, for a disturbance in a fluid at

rest by a transformation of coordinates to account for the
fluid motion. Solutions of the wave equation are known to
be of the form s§U=f(t—at)+g(t+at), and replacing ¢ by
z~— Ut yields equations (9) and (10).

Substitution of equation (9) in equation (2) and integrating
with respect to z yields the perturbation density

so_flz—(U+a)l—gle—U—a)]

P) a

11)

Applying the isentropic relationships to determine the
other perturbations yields

_ s fle—Utatl—glz—U—a)]
? P a

(12)

297

sa_v—18p v—1 fla—U+a)t]—glz—U—a)t]
a 2 »p 2 a

Equations (9), (11), (12), and (13) are the general equa-
tions applicable to a one-dimensional steady flow with
unsteady perturbations.

If these equations are to be applied to the ram jet, con-
sidered as a constant area duct with a constriction at the
exit, the proper boundary condition at the exit must be
considered. In reference 5 it was shown that consistent
with the assumption of a choked nozzle was the assumption
of constant Mach number at the end of the duet for a given

(13)

. nozzle area.

U+8U
a+da

U U+3U U U éda
M o atie o\ tT al'”) 19

Now, for M= Constant=%]=

at the exit,

Therefore, at 2=L,

fJgg_'Ygl <f;g>

Y—1
jay 3 ML

(15)
gL, 17— lM 1

Equation (15) relating the strengths of the downstream
and upstream waves at the exit is similar to equation (6)
of reference 5 which gives the value of these waves for the
exact characteristic solution.

Closed solutions satisfying equations (9) and (15) may be
found in harmonic form. Since the sine wave form offen
occurs in buzzing, a simple expression for that type of wave
is shown in the following equation, where () is as yet an
undetermined constant dependent on the amplitude and o
is the frequency of the oscillation:

M4
o éM 1sm{(1 e B4 e-H(1—Mat+ 1) o+
su"‘{(1 Mz)a[(M+1)z+(1—M’)at—L]} (16)

Note that the boundary condition for z/L=1, equation
(15), is identically satisfied for all times. Furthermore, if
each cycle requires n waves to traverse the ram jet in both
directions during a period 7, then

L\ _ 2L

—T =n U—|—a ) e s,
and
T—1
M+
sU 2 T T t
01 -—M 1sm|:(M—1)—L—l—+n 21;:|+

sin I:(M+1) nL—+@ an
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From equation (17), where the first term on the right-hand
side represents f and the second represents g, and equations
(11) and (12), one finds the relationship between the per-
turbation amplitudes of pressure and density:

v—1
p a 2
v—1
—2—M 1

M41

sm[(M—l) —{——1-211— ]—

T 7T

sin I:(M+1)—-——+21r ] 1s)

Corresponding equations, though not in such simple form,
may be found for any desired shape of a pressure-time
curve by approximating the curve by straight-line segments
for which the equations are linear in time.

The problem of determining the pressure perturbation at
any time and at any value of z is then reduced to a determi-
nation of the constant ¢}. An approximation to this value
for small amplitudes may be obtained in the following man-
ner where perturbations are applied to the average mass
flow which varies slightly from the incipient mass flow (at
start of buzz). Time-averaged quantities are denoted by a
bar and the following identities are employed:

p=pr—Ap
p=p—Ap
m=Average mass flow=7 U (20)
m m Ap AU
1 21
my  plJs n U @1
1 Ap_AU (21a)

my T Us

The assumption is then introduced that at the midpoint of
the ram jet the maximum variations (amplitude) in pressure
and velocity are equal to the difference between the incipient
values and the average values, that is, at /L=

Iaplma:po:ﬁﬁ'c=Ap }

18U | e postzioe=AU

(22)

Some justification for the pressure approximation has been
found in experiments at both the Lewis and Langley Labora-
tories of the National Advisory Committee for Aeronautics.
For example, figure 1 is a typical record obtained during the
experiments of this investigation presented subsequently
herein. These data show the pesk pressure obtained at gage
3 (z/L=0.6) to be approximately the incipient value for
buzzing near the midpoint of the ram jet for small ampli-
tudes in cold flow. Similar results have been reported from
an investigation made in 1949 by James F. Connors and
Albert H. Schroeder at the NACA Lewis Laboratory. When
combustion is present, reference 3 and the aforementioned
work of Connors and Schroeder show that the peak pressures
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Figure 1.—Typical pressure record of start of buzz for configuration
1.278-14.91-44.2°. Time is increasing to right and pressure is
positive upward.

are slightly below the cold-flow incipient value until a buzz
giving optimum average static pressure (highest manometer
pressure noted during buzzing) is reached, at which point
the average pressure is equal to the optimum static pressure
in cold flow (incipient pressure) less the amplitude of pressure
pulsation.

No data are available for substantiation of the correspond-
ing velocity assumption. However, it would seem logical to
apply similar boundary conditions at the same point. Also,
since at the midpoint of the ram jet the values of the velocity
and pressure perturbation amplitude are between the maxi-
mum and minimum values existing at the extremities of the
ducting, this midpoint would further appear to be the desir-
able place to evaluate amplitudes.

This assumption relating amplitudes to average and in-
cipient values will apply only for small values of the oscilla-
tion and even then it is only an approximation in some
cases. However, since it will give an easy method of de-
termining the approximate pressure amplitudes, its use is
justifiable providing the limits imposed are considered in
analyzing results obtained. The weighted mass-flow values
of U, and a; should be used in the computations where
boundary-layer effects cause a nonuniformity in parameters
across the channel.

Thus, the following approximation is determined:

P, ™
14 Ifm ma:/ ﬁz:a}léln
m f—g
p R ~ [ (24)
m U
L3 P o: }léiu 14 mg Lp:a}%ire

In general, if f and g are replaced by C\F and C,& where
F and @ are representative only of the form of the waves of
unit amplitude, then equations (9), (12), and (24) become:

U=C(F+@) (25)

20y e (26)

1= P it 2 2 1P+ Ol s 20)
- ay p Em}lém M Lpacllln
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Equations (26) and (27a) permit the determination of the
pressure-time variation for any given value of /L, A, and
—m”l for a particular form Fand ¢. In addition, an expression

b
for the total amplitude for any given value of z/L and m/m;
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may be obtained by maximizing equation (26):

To'tal z E _Pm_&tn
amplitude (Z’ m,,)_ 3
|F—Glm st —F =G oz negasice
—y ( T ) aisft
D.
IF Glmazﬁaosﬂﬁ‘e—l__ |F+G|mmr£ma!liu
(28)

In particular for the sine wave oscillation -previously mentioned, the closed form of the equation for total amplitude

of pressure pulsation becomes
Z)maz—puln=2 éz

Do Dy
— MD+1
m L, T . rr T
) [ R S
g M
7—1
—— My+1
2 : w " t . T T i
=1 sin [(Mb_l) 577‘77,_‘_21 ;:I—sm [(Mb—l—l) %—;L—l—z,,— ;:l +
5 Ml
1 7——2—1 My+1 -1
M, 'Tﬂ([l sin |:(Mb 1) 2—+ T tor :I-l-sm I:(Mb-|—1) __7_1,4_2,,. 9)
2 ; mar

The maximizing values of 21% for equation (29) are expressed in equation (30).

The upper signs in equation (30) apply to

the first brace and first term in the second brace in equation (29) and the lower signs in equation (30) apply to the second

term in the second brace in equation (29):

'im I:(M_l ’_TE_|_E:|:|: [(M S
'Y—l cos 4 )nL S L v nl =n
ont 2 M,—1
tan (30)
T s
sm [(Mb—l) + :I Fsin I:(Mb+1) ———
'Y—l
'—2— ﬂﬁ[b

The determination of the constant C; and the amplitudes
is slightly more lengthy for waves not expressed in simple
closed form (for any time and /L) such as triangular pulses,
and so forth, In these cases it may be necessary to plot the
14 and — &p
[ 01 2
other desired values of z/L to determine the value of the

curves of — against time at z/L=% and at any

constant C, and the maximum value of the term W .
1

However, computations have shown that the maammzed
values of the sum and difference of ¥ and G for the same wave
forms vary only slightly with A4, if M,<1. Consequently,
if the amplitude is to be determined for several adjacent
values of M, the values of |F'4 G| need be computed for
only one value of Af,. Then the total amplitude can be
obtained from equation (28) employing these same values of
| 74 @|ma- but varying i, in the denominator.

For a given frequency and wave form the theory predicts:

(1) a linear increase in pressure amplitude with decrease in
mass flow from the incipient velue; (2) as n increases with
resultant lower frequency for o given mass flow, the ampli-
tude will increase; and (3) higher values of A, result in larger
amplitudes at the same value of » and mass-flow reduction.

APPARATUS

Tests of models of two different diameters were conducted
in one of the blow-down jets of the Langley Gas Dynamics
Branch which uses low humidity air from large pressure
tanks. The models were tested at a Mach number of
1.94-40.02 in a jet 5 inches high and 6 inches wide. The test
Reynolds number based on cowling-inlet-diameter was 5.7 X
108 for the larger model. The majority of the testing for the
small model was done at a Reynolds number of 1.23X109,
(Thus & Reynolds number ratio of 4.75:1 was obtained.)
The test-section side walls extended past the end of the nozzle
blocks so that the region in which the inlet was located was
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open to the atmosphere on top and bottom while bounded
laterally by the tunnel side walls. The test-section pressure
was adjusted to approximately atmospheric pressure for
tents of the large model to minimize disturbances near the
cowling which was located forward of the Mach lines originat-
ing at the ends of the nozzle block. For the small model the
pressure was generally below atmospheric in order to lower
the Reynolds number further but the flow near the cowling
was undisturbed since the shocks from the end of the nozzle
intersected the model well behind the cowling.

In the absence of the models, the turbulence level for
pressure in the test section was measured by a sting-mounted
inductance gage and found to be negligible for the lower
test pressures used for the small model. However, the
pressure fluctuations reached an amplitude of about 1.6
percent of the test-section pressure for the higher pressure
runs.

Owing to misalinement of the model in the tunnel, tests of
the large model were made at a positive angle of attack of
0.5°. Consequently, the majority of the small model tests
were conducted at this angle of attack, and, in addition, a
few pertinent runs were made at angles of attack of 0°
and —0.5°.

Two intersecting piano wires were affixed to the outside of
the tunnel windows to provide reference lines. The horizontal
wire was alined nearly parallel to the center-line flow whereas
the vertical wire formed an angle of approximately 89°45’
with the horizontal wire in the upper left quadrant.

The models which were constructed to be as geometrically
similar as possible are shown schematically in figure 2 where
dimensions are presented in terms of nominal combustion-
chamber diameters. The diameter for the large model was
4.026 inches (the internal dimensions of 4-inch standard
pipe) and for the small model was 1.278 inches (internal
dimension of 1%-inch extra-strong pipe), which gives a scalg
factor of 3.15 for the two models.

Large model, 0=4.026"
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The models will be denoted by three numbers. The first
number gives the nominal diameter, the second the length-
diameter ratio, and the third the cowling-position parameter
(angle between ray from apex of cone to cowling lip and axis
of ram jet). Thus, model 4.026-14.91-44.2° would have a

. nominal diameter of 4.026 inches, a length-diameter ratio of

14.91, and a cowling-position angle of 44.2°. Omission of
any of the numbers will cause no ambiguity since the di-
ameters are 4.026 and 1.278, the length ratios 14.91 and
29.82, and cowling angles are between 40° and 48°. The
models are closely similar in overall internal shape and in
external shape in the region rearward as far as 3 diameters
from the inlet. In order to use the same plug valve and
exhaust system, a transition section was used at the rear of
the small model (see fig. 2).

The removable center body was supported by three faired
struts 120° apart and provision was made for varying the
center-body position in an axial direction by the insertion of
spacers between the center body and its strut support. The
spacers required to give cowling-position angles of 48.1°,
44.2°, and 40.1° with tolerances of 40.05° were determined
by micrometer measurements. The critical shock angle for a
25° cone at & Mach number of 1.94 is 43° 30’. The ordinates,
obtained by micrometer and surface table measurements, of
the cowlings and center bodies are given in table I. The
large center body had a conical half-angle of 25.1° and the
small body, a conical half-angle of 25.2°. Fabrication limi-
tations of the small model, rather than aerodynamic consid-
erations, dictated the external cowling design and required an
external lip angle of the cowling surface greater than the de-
tachment angle for & Mach number of 1.94. The internal
surface at the lip was chosen to be approximately parallel to
the flow after the conical shock. Furthermore, the cowlings
were not sharp-edged but had flats perpendicular to the
model axis of about 0.01 inch and 0.001 inch, respectively, for

Long, 29.820
t, 14.910
Shart, Rake survey plane‘_-
1.500—
3520 1580 2720 '
sor|_r 7z ™ “llwb (‘ )0? """"""
-1 ” - = N m— . J_—J$
— A L
o v (747 =N A RN\ ANY 7 Y b
13 3% Y i 13 support strs .
17° ! 120° apart, 006 D thick

6"standard pipe*

\

FARY

Inslardonecus pressure  pickup.
tocation - diameters from cowling
Gage | Short model | Long moede!
t 2.34 234
2 4.10 4.10
3 8.98 23.90 _
4 12.49 2741

Small model, £=1278"

Rake survey plone-” \1

€ stond‘t;rd pipe L

F1gURE 2.—Schematic diagram of models tested. Small model is similar to large model except for transition section at plug valve.
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TABLE I.—ORDINATES OF MODELS

Radli! of 4.026-Inch-dlameter Radii of 1.278-inch-diameter
mode] model
*Axinl location, /D | Center body | Inner cowling | Center body | Inner cowling
nfri rafre rjre rafre
—{. 3085 [ I [ R I
0 0. 200 0. 601 0204 0. 509
.02 . 308 .611 .313 608
.04 .827 .622 .332 617
.08 345 .631 .350 . 026
.08 . 362 . 639 .369 . 634
.10 .37 647 .388 . 843
A1 .383 . 650 .301 847
.12 . 389 . 853 . 305 .651
.13 .34 . 658 .397 . 8585
14 . 807 . 660 . 400 . 658
.16 .308 . 662 .30 . 861
.18 . 308 . 665 . 390 . 664
.18 .308 . 669 . 388 . 670
.20 . 307 .673 875
.25 . 306 . 681 .684
.40 .303 . 603
.60 .301 . 700
.75 . 385 .718
100 .378 .732
1.50 . 368 . 765
2,00 .358 708
2,60 .35 830
3.00 333 .863
3.44 324 .892
3. 60 324 .88
3,65 L34 . 899
3,65 .319 . 005 Same as Same as
3,82 .308 .16 4,026 model 4.026 model
4,00 .207 929
4.50 . 268 . 661
5,00 . 239 L004
4,10 . 233 1.0
[ 3] . 209
6,00 . 180
a,16 171
6.32 .162
6, &0 . 161
6,07 124
7.00 J124
7.20 .089
7.30 .078
7.40 . 037
7.47 0 1.0
To valve Values remaln constant for remainder of models

*Note: Z =0 I3 taken at cowling lip
D

the large and small models. The variation of area normal
to the internal flow with axial distance for cowling-position
angle of 44.2° is shown in figure 3. The small model had a
very slight amount of internal coniraction just inside the
cowling due to an 0.003-inch error in boring out the cowling
in the first 0.1 inch of the model. The included conical angle

of the internal cowling is 3.75° rearward of %=0.5. The

central body has a 1.2° included angle after the shoulder.
The blockage of the support struts is only about 7 percent of
the local cross-sectional area.

The plug valve was operated by a Lear model 440 actuatdr
and the position of the valve was recorded electrically by
means of a system employing an NACA control position
transmitter, model 46C (slide-wire resistance), linked to the
valve rod.

A nine-tube total-pressure rake with tubes alined in a
vertical plane and positioned radially as shown in table IT
was employed in conjunction with a mercury-differential
manometer to determine total-pressure profiles. The three
equally spaced support struts were positioned such that the
top strut was vertical. Hence, the upper tubes of the rake
were in a strut wake, while the lower tubes were unobstructed.
Two static orifices located at the rake station were inde-
pendently connected to the manometer and also to Bourdon
pressure gages. Pressure in the settling chamber of the nozzle
was measured by both Bourdon and inductance gages while

e T
End of center body..
0 L] T ! To mzzle‘—
Trafing edge of center-body-71- 4 ¢ onciant
support strut support-strut_ fhickness|
~|o 1 I M 1 Il
JE8 A | €nd of couling taper] ||
€¢ /(‘ tart of constant support-strut thickness
3 Pz Leading edge of center~body sqpp?rt ]:_
82 4 Diameter, in.
B ——4026 |
et
T2 3 4 5 6 T 8 9 0
Axial distance, Z‘;—

Figure 3.—Local flow area plotted against axial distance from cowling
for models tested. Cowling-position angle, 44.2°,

the pressure in the reference tank of the induction gages was
measured by a Bourdon gage.

Four 15-pound-per-square-inch NACA miniature electrical
pressure gages were flush mounted with the diffuser wall at
the axial stations given in figure 2. These gages were refer-
enced to an air bottle to allow operation at high pressures.
A fifth inductance gage was mounted in the settling chamber
to compensate for the time lag which might be induced by
the long tubing from the settling chamber to the Bourdon
gage on the manometer board. In addition, a calibrated
thermocouple was inserted into the settling chamber.

A General Electric B-H6 mercury lamp was used as the
light source for instantaneous and high-speed motion-picture
shadowgraphs. Motion pictures of the shadowgraph image
appearing on a ground-glass screen were taken with a Wollen-
sak Optical Company Fastax camera running approximately

TABLE II.—RAKE ORDINATES IN VERTICAL PLANE

Bottom
Rake radius
Rekotabe | o *Duct radius
number
Large model | 8mall model
L9 0.910 0.889
2,8 . 702
3,7 .468 .468
4,6 . 231 234
5 0 0
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350 to 900 frames per second. Signals from the pressure
gages were amplified by a Consolidated type 1-113 amplifier
and then recorded on sensitized paper in a Consolidated type
5-114 recorder employing galvanometer elements. The fre-
quency response of this system was flat from 2 to 300 cycles
per second. In order to correlate movie film with the pressure
records, a timing light was attached to one edge of the shad-
owgraph glass screen and the circuit energizing this light
connected in parallel with one of the recording galvanometers
so that every time the light flashed, a “blip’’ appeared on the
pressure record. In order to reduce the labor of correlation,
an interrupter was placed in the light circuit to stop the flow
of current for a noticeable period four or five times a second
and hence to provide blank spaces on the film and pressure
record which could be easily counted.

The camera photographing the manometer board could be
operated either manually or electronically. In the latter
mode of operation a pressure pulse in the ram jet caused the
camera solenoid to trip and concurrently put & marker on the
pressure record.

TEST PROCEDURE

Tests of the various configurations were made in the fol-
lowing manner: After “no-flow’’ pressure and thermocouple
zero traces had been recorded, the plug valve was retracted
so that the mass flow through the model would be limited
only by the supersonic diffuser configuration. Then, the
tunnel was started and brought up to operating conditions.
The valve was closed to & position below that which caused
instability and a manometer picture and a short pressure
record taken. After resetting the manometer camera, the
Fastax camera and pressure recorder were then started
and the valve closed as slowly as possible until buzz began.
The valve was then varied further depending upon the type
of run desired. A no-flow pressure trace was made after
each run when possible.

Other runs were made to determine steady or, if buzzing,
quasi-steady average values. In these cases the manometer
and pressure records were taken at various fixed valve
positions.

The differential inductance gages and valve-position
indicator were calibrated daily. Both the larger and small
models were tested at length-diameter ratios of 14.91 and
29.82 for each of the cowling-position parameters of 40.1°,
44.2°, and 48.1°. In addition, the small model was run
with no central body in order to get a steady-flow calibration
for the effective sonic area of the valve at various positions
down to mass flows approaching zero. Such a series of runs
was not made for the large model because of danger of
choking the tunnel and, in addition, because it was felt
that with & strong shock far ahead of the inlet that the model
would not be free from wall effects.
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METHOD OF DATA REDUCTION AND COMPUTATION

oU

Pthm
was computed (for steady flow or low amplitude buzzing)
from the tank pressure and the local total pressure and static
pressure with the assumption that the static pressure was
constant across the rake survey plane and stagnation tem-
perature was equal to that in the tank. The local mass
flows were then integrated to yield the mass flow in the cross-
sectional area bounded by the outer rake tubes. An incre-
mental correction was applied to this mass flow to account
for the additional mass flow between the outer rake tube
and the wall. In order to determine the constant to be used
for adjusting mass flow for the large model, the integrated
mass flow was averaged over several runs for configurations
4.026—29.82-48.1° where a smooth symmetric velocity
profile existed at the rake station and where the mass flow
was known since both shocks were swallowed. The average
of the local mass flows at the outer rake stations was also
determined for these runs. The incremental constant for
the large models was then determined as follows:

The nondimensional mass flow

at any rake radius

Incremental const.
Mass flow Av. integrated
__\for 100% capture area, _—( mass flow
" Average local mass flow at outer rake

The adjusting factor to be applied to each of the integrated-
mass-flow curves for the large model was then equal to the
product of the incremental constant times the local mass
flow value at the outer rake locations, that is:

( Total _(Integrated) 4
mass flow/  \ mass flow

(Incremental)X(Outer rake mass
const. flow for each run

The product of the nondimensional local mass flow times
. pUp,
Pthwpto
by using the correction constant obtained for the mass flow.
Assuming the constant to be the same for both pressure re-
covery and mass flow introduces an error of about 0.1 percent
in *pressure recovery. The weighted average pressure re-
covery was determined as the quotient of the total area under
U,
the Pthmth
oU
Ptc,,T/v maz
A similar constant was obtained for use in the small-model
computations by using the average values obtained from
swallowed shock runs of configuration 1.278-29.82—48.1°.

pressure recovery ) was integrated similarly

curve divided by the total area under the

curve.
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The effective sonic area of the plug valve as it approached
the fully closed position was computed for the small model
from runs made with the central body removed, a configura-
tion which did not buzz at any mass-flow value. A calibra-
tion curve of sonic area against valve position was thus ob-
tained for low mass flow. This curve in conjunction with the
average value of pressure recovery was used to determine
the mass flow for the larger amplitude buzz of the small
model. The static-pressure—total-pressure method used
for steady-flow small-amplitude buzzing became inaccurate
in this region since standing waves in the manometer tubing
(see ref. 8) gave erroneous pressure readings which, even if
small, have a large effect when the difference between static
and total pressure becomes small also. This error in pressure
would have only a small effect on mass flow computed on a
sonic area and total-pressure basis.

The data plotted in figures 4 to 12 were obtained in the
manner described above. An examination of figure 4 shows
the computed total mass-flow ratios for the high L/D models
with swallowed shock to vary only 1.0 percent from the
100-percent capture mass-flow ratio.

Typical steady-state mass-flow and Mach number profiles
for the 29.82-48.1° configurations are presented in figures
13 and 14, respectively. Since the Mach number is so small
these curves are also close approximations to the velocity
profile, Because both the normal and conical shock are
inside the cowling, the mass flow is known and the part of
the curve between the outer rake and the wall was assumed
to be approximately the cubic equation:

fy=o (=R (=) +a (=)
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Trgure 4—Curves of pressure recovery plotted against mass-flow
ratio for configurations 29.82-48.1°. Flagged symbols denote un-
steady flow.
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Figure 5.—Curves of pressure recovery plotted against mass-flow
ratio for configurations 4.026-48.1°. TFlagged symbols denote un-

steady flow.
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Fiaure 6.—Curves of pressure recovery plotted against mass-flow
ratio for configurations 1.278—8.1°. Flagged symbols denote un-
steady flow.

The constants Cs, Cs, and C, were determined to satisfy the
boundary conditions of (1) a curve tangent at the outer
rake position to the curve determined by the rake readings,
(2) a prescribed mass flow, and (3) a curve which coincides
with the outer rake points. The form of the equation in-
herently satisfies the zero velocity condition at the wall
(assuming the density does not approach zero). The short-
dash curves of figures 13 and 14 are drawn so that the total
mass flow of the 1.278 model would give a mass-flow ratio
of 1.000, and the long-short-dash curve is the one for which
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Figure 7.—Curves of pressure recovery plotted against mass-flow
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Figure 8.—Curves of pressure recovery plotted against mass-flow
ratio for configurations 4.026-44.2°. Flagged symbols denote un-
steady flow.

the integrated mass flow enclosed between the wall and the

outer rake is equal to the “standard inecrement’ applied

in the general computations. The two curves coincide for
the 4.026 model. The Mach number profile is then de-
termined, since M (r,)<1, from

425 ) |

M(r) _ pU(1)

M(r,) pU(ro) 1 +'_7_'__2_l M)
L pU[) , Y—1 U*r)
~o0r\ 1T 2 209 1 ‘;U*(n,)]}

The effective Mach numbers, defined as that Mach number
which if invariant across the survey plane would give the
measured values of mass flow, pressure, and so forth, of
these runs were 0.209 and 0.219 for the 4.026 and 1.278
raodels, respectively. The average weighted pressure re-
coveries were 0.639 and 0.601.
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The trace of the valve-position indicator was measured
to an accuracy of 0.01 inch on the pressure record, which
gave the indicated physical position of the valve to 0.005
inch. Some play in the linkage mechanism and change in
the voltage applied to the slide-wire resistance reduced the
accuracy of the position indicator for the large model. These
factors were largely eliminated in the small model. There
was also a lag of about 0.03 second in the response of the
indicator so that for conditions of rapid throttling the valve
readings were compensated for this time lag. The maximum
valve speed obtained from the slope of valve position plotted
against time was 0.55 inch per second.

In order to determine the values of static pressures and
valve position at incipient mass flow, the corresponding
values were read from the pressure-time or valve-position—
time trace. Values were taken when either the high-speed
motion pictures or the pressure traces showed instability.
It was necessary to employ the motion pictures in some
cases where the turbulence and hash level in the gages,
especially the two forward ones, was high. The probable
cause of the high hash level in the first two gages was separa-
tion in the subsonic diffusers.

Total amplitude measurements were taken by measuring
peak-to-peak pressure fluctuations on the pressure-time
curve.

The following are the estimated maximum probable errors
arising when the flow is steady:

Mass-flow ratio:

For high length-diameter ratios_ . ___________ +2 percepnt

For low length-diameter ratios_ - . __________ +3 percent
Valve position:

For large model . _ o +0.01 in.

For small model_ .. cacmeee +9.005 in.
Pressure recovery - oo =+ 1.0 percent
Static pressure_ . ___ o _._ +0.5 percent
Mach number in ram jet__.______________________________ +0.002

RESULTS AND DISCUSSION
GENERAL RESULTS

Figures 4 to 12 show the performance curve of the inlets in
terms of pressure recovery and mass flow. Kxperimental
points having unsteady flow are denoted by flagged symbols.
The ram jets with the higher value of length-diameter ratio
were employed to give more accurate values of mass flow and
pressure recovery for comparison purposes since in the larger
models the velocity profile has become a smooth nearly
symmetrical curve showing negligible effects of the center-
body wake and angle of attack by the time the rake station
has been reached. Each of the high-length-diameter-ratio
configurations is compared separately with its two counter-
parts, namely: the same length-diameter-ratio model of
different diameter and the shorter version of the same diam-
eter. It is obvious from inspection that the accuracy is
lower in the lower L/D models, but the curves for the high
and low L/D models of the same diameter and cowling-
position angle may be considered the same within the order
of the expected experimental scatter.

Table ITI is a compilation of the values of mass-flow ratio,
pressure recovery, valve position, and ratio of static pressure
to tank pressure at the start of buzz. The incipient mass flow,
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TABLE III.—VALUES OF PARAMETERS AT START OF BUZZ

Static pressure
Mass-flow | Pressure Tank pressure Valve
Configuration ratio recovery position
Gagel Gage 4
pmanas | on | om | wg | om | e
L . . . .
4.026-14.91—‘8.l° . 955 . 785 727 .781 212
4.028-29, 82-48.1° 945 700 .733 .82 212
I a0 8944 30 o 84 "t B | Lot
1. 278~ . . . .
4. 026-14. 91-44. 2° .08 848 -804 .842 207
4. 026-29, 8244 2° .68 .84 502 .838 2.06
I Zr8-08, 8340 1° & 840 %1 | Ih
L . . . -
4 028-14. 9140, 1° .86 .832 . 808 825 1. 965
4, 026-29. 82-40.1° .88 532 804 .829 1.96

with one exception where the interval between the highest
measured unsteady flowand lowest measured steady flow was
large, was assumed equal to the largest value of mass flow at
which unsteady flow was first recorded. This exception arose
in the case of the 1.278-14.91—48.1° configuration where the
unsteady flow was noted up to a mass-flow ratio of about 0.89
and the lowest measured steady flow was at a ratio of 0.915.
The critical mass flow of 0.91 was determined by extrapolat-
ing & curve of pressure pulsation amplitude plotted against
mass flow to zero amplitude.

The incipient pressure recovery was obtained from the
faired curve of pressure-recovery mass flow at the incipient
mass-flow value. The static-pressure—tank-pressure ratios
and the valve positions, determined from the time-history
records, are the average values of several runs.

Shadowgraphs of the critical-flow shock pattern for the

various model configurations are given in figure 15. These
pictures, with the exception of figure 15(g) which is for a
negative angle of attack, are of the high length-diameter
configurations at & positive angle of attack of 0.5°. The
shadowgraphs of the models are adjusted to have approxi-
mately the same dimensions to facilitate comparison. The

cowling lip was referenced by two pieces of opaque tape -

affixed to the tunnel glass at the top and bottom of the test
section, but because of the enlarging procedure just men-
tioned the tape will show only in the large-diameter-model
pictures.

The external shock pattern for the configurations with
cowling-position angles of 44.2° and 48.1° appear unaffected
by the slight angle of attack. For the 44.2° configuration
three-dimensional effects are responsible for the apparent
presence of the normal shock ahead of the cowling when in
reality it is just at the lip, a fact which may be verified by the
opaque-tape reference marks.

A difference in the flow configuration due to 0.5° angle of
attack is noticeable for a cowling position angle of 40.1°.
The normal shock on the leeward side of the cross flowinduced
by the angle of attack is advanced ahead of the cowling lip
more than the shock on the windward side; and, in addition,
the leeward shock may terminate in a lambda shock near the
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(b) Configuration
1.278-29.82-48.1°; «=0.5°.
(d) Configuration
1.278-29.82-44.2°; a=0.5°.

(8) Configuration
4.026-29.82-48.1°; «=0.5°.
(¢) Configuration
4.026-29.82~44.2°; a=0.5°.
Figure 15.—Instantaneous spark shadowgraphs of flow patterns for
minimum stable mass flow,

cone. Proof that this phenomenon arises from the slight
angle of attack is found in the shadowgraphs of the critical
mass flow of the same supersonic diffuser configuration for
an angle of attack of 0.5° (fig. 15(f)) and -0.5° (fig. 15(g))
which show the shock pattern to change with angle of attack.
The cross flow of the boundary layer causes a boundary
layer build-up on the leeward side which results in the
asymmetric shock pattern.

Curves of Mach number at the center line of the rake
plotted against steady-flow pressure recovery for configura-
tions 4.026-29.82—48.1° and 1.278-29.82—48.1° are shown in
figure 16. These curves are typical of the 44° and 40° con-
figurations also. Values were not plotted for unsteady flow
since such a procedure would make the plot multiple valued
in pressure recovery.

SCALE EFFECTS

A dimensional analysis of the problem of testing buzzing
models for correlation purposes yields the following results.
The variables in the problem are: (1) pressure p or pressure
perturbation Ap; (2) stream velocity V; (3) density p;
(4) length L or diameter D; (5) viscosity u; (6) sonic velocity
a; (7) periodic time 7; (8) turbulent velocity w and/or per-
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(¢) Configuration (f) Configuration
4,026-29.82-40.1°; «=0.5°. 1.278-29.82—40.1°; a=0.5°.

(g) Configuration 1.278-14.91-40.1°; = —0.5°.

Fravre 15.—Concluded.

turbation velocity AU. Then, the related nondimensional
parameters in the mass-length-time system are: (1) Mach

number g; (2) Reynolds number —pT:—L; (3) wave length of

L . tent 2 or 2P :
model P (4) pressure coefficient NE or v (5) turbulence

or perturbation ratios I_u; or %;7 Thus, if models of different
scale (L) are to be tested without maintaining constant
Reynolds number, the effect of varying Reynolds number
must be ascertained.

The importance of boundary-layer growth and separation
to the stability of inlets in absence of combustion will be
discussed in a later section of this report. If these viscous
effects are to be a major factor in determining the stability
of inlets, Reynolds number effects would then also be expected
to be & major consideration.

Steady flow.—From the results presented the performance
of the models to the start of buzz may be discusyed. Figures
5, 6, 8, 9, 11, and 12, in which pressure recovery plotted
against mass-flow ratio of model pairs having the same
diameter and cowling angle are compared, sh,oxg"the perform-
ance of such pairs to be nearly the same within.sxperimental
scatter. There does appear to be a tendency for the lower
L/D models to have up to 1 percent higher pressure recovery
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during buzzing, but this might be attributed to the different
frequencies of the standing waves in the manometer tubing.
Although the mass-flow measurements have & larger range
of error in the low L/D models, the induction-gage pressures
and valve-position indicator are not so affected. Hence, a
good check of the conditions at start of buzz for the same
diameter and cowling-position-angle models is found in
table III, where the maximum variation of average valve
position at start of buzz is found to be 0.005 inch and 0.01
mch for the 1.278- and 4.026-inch models, respectively, and
of average static-to-tank pressure ratio at corresponding
stations is found to be about 0.5 percent. An analysis of
the high-speed motion pictures also revealed the shock
patterns to be the same at the start of buzz independent of
L/D ratio for the same diameter and cowling-lip angle.

A comparison of the performance of similar configurations
having different diameters shows only a slight scale effect.
The pressure recovery mass-flow curves of the 44.2° and
48.1° diffusers (figs. 4 and 7) are nearly identical for the two
diameters. Instability appears at a slightly higher mass-
flow ratio in the larger model of 48.1° lip angle than in the
corresponding small model, but the 2-percent variation has
little significance. The shadowgraphs of the flow patterns
at the incipient point for the above configurations (figs.
15 (a) to 15 (d)) show no important differences in the flow
for the different sized models.

It is to be noted that in the 40.1° inlets where, although
the critical mass flows are nearly the same, the peak pressure
recovery, critical pressure recovery, and the ratio of static
pressure to tank pressure are higher in the small diameter
model in spite of the lower Reynolds number of these models.
See figure 10 and table ITI.

It was also found that the overall incipient values did not
change when the angle of attack was reduced to 0° or made
negative by 0.5° for the configurations 1.278-40.1° although
the local conditions alternated with the shock pattern.
Shadowgraphs in figures 15 (e) and 15 (f) at a positive angle
of attack are nearly identical for the different sized models.
Figure 15 (g) at an angle of attack —0.5° is not a mirror
image of figure 15 (f), although the tendency of the leeward
shock to advance and bifurcate is quite evident. For a con-
figuration such as this, which is extremely sensitive to
changes in angle of attack, such a variation could be attrib-
uted either to a failure to exactly match the positive angle
with its negative counterpart or to a slight eccentricity of
the central body which would alter the effective angle of
attack of the cone.

The Reynolds number effects on the profiles of the models
of large L/D are evident in figure 16; these profiles are typical
of the curves for all the cowling-position angles. Although
both models have profiles of turbulent pipe flow the greater
relative viscous forces in the low Reynolds number tests
result in a larger region of retarded flow contrasted to the’
much more fully developed flow of the high Reynolds
number model (fig. 13).

The velocity and mass-flow profiles of the low L/D models
showed the influence of the 0.5° angle of attack in varying
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amounts in a majority of the runs. The pressure recovery
and velocity were higher in that section of the survey plane
behind the leeward cone surface for both large and small
models. Two profiles for positive and negative angles of
attack of configuration 1.278-14.91-40.1° which show the
manner in which the asymmetry alternated with angle of
attack are presented in figure 17. Oswatitsch (ref. 1) dis-
covered the same phenomenon in certain of his tests at
slightly larger angles of attack. Since the boundary layer
tends to accumulate on the leeward side of the central body
one might expect the poorer performance to occur in this
region. For configurations 14.91—40.1° the shadowgraphs
show external separation on the leeward side as the incipient
mass flow is approached. There are several possible explana-
tions for the measured distribution of total pressure. First,
the lambda shock on the leeward side might increase the total
pressure recovery of the fluid flowing through the upper
bifurcations sufficiently to offset the adverse effect of the
separation at the cone surface. Secondly, the flow on the
inner surface of the windward cowling might separate to a
greater degree than that on the leeward side of the central
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Figure 16.—Curves of average pressure recovery plotted against
Mach number at center of rake survey station for configurations
29.82-48.1°.
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body. Finally, there is the possibility of a more violent
separation occurring in the subsonic diffuser, either off the
central body or cowling surface of the opposite side. In
other words, the early flow separation on one side of the
center body may prevent a more violent separation of tho
flow on the same side later in the subsonic diffuser.

The apparent lack of a strong Reynolds number effect in
determining the stability of the 40.1° and 48.1° configurations
(where the conical shock did not intersect the cowling lip)
was not expected. Prior to conducting the tests it was
thought that the Reynolds number effect would be small for
those inlets which had the conical shock at the lip since the
vortex sheet position would govern stability. For those
inlets in which the central-body boundary layer was an
important part of the governing mechanism for stability, the
Reynolds number was thought to be a very important
parameter. This negligible effect of Reynolds number should
not be assumed to apply to inlets in general but rather to
represent the effect only on the particular configurations
investigated. It does, however, show that there is tho
possibility of testing cold-flow scaled models for approximate
prediction of stability limits.

Unsteady flow.—The behavior of the comparative models
during buzzing was also very similar. This similarity
extended not only to the unsteady-flow cycles which were
made up of multiple waves but also to the cycles dependent
on random pulses. Typical examples of the first case are
shown in figure 18 where the pressure-time records of con-
figuration 4.026-14.91-44.2° at a mass flow ratio of 0.66 is
compared to the curves of configuration 1.278-14.91-44.2°
at a mass flow of 0.69. In spite of the 3-percent variation in
mass flow it is obvious that the wave forms are quite similar
if the time scale is modified by a factor equal to the length
ratio. The pressure records of the 1.278 model were taken
at a higher film speed to facilitate comparison. The vertical
lines on the record indicate time intervals of 0.01 second.

Figure 19 shows the pressure-time records of configurations
14.91-40.1° near the start of buzz where there is no regular
cycle buzzing, instead the unsteady flow is characterized by
spasmodic pulses separated by time intervals of various
lengths. These latter curves show the unsteady behavior
to be similar, even where irregular.
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Fraure 17.—Mass-flow and Mach number profiles at rake survey sta-
tion for configuration 1.278-14.91-40.1° at angles of attack of 30.5°
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(b) Configuration 1.278-14.91-44.2°
at a mass-flow ratio of 0.69.
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at a mass-flow ratio of 0.66.

Fiaure 18.—Pressure tim‘e records showing similar regular pulses in
buzzing of gimilar configurations. Pressure is positive upward.
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The unsteady flow of configuration 1.278-14.91-40.1° was
unstable at a mass-flow ratio of 0.72 and, as is shown in
figure 20, changed from a relatively low frequency of 120
to 160 cycles per second, which was often found in most of
the 1.278-14.91 configurations, to much higher frequencies,
usually approximately 800, 900, or 1,400 cycles per second.
The whole shock pattern oscillated at this frequency. With
no change in valve position this high-frequency pattern
would in time break down and revert back to the low fre-
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Fraure 19,—Pressure-time records showing similar isolated spasmodic
pulse in buzzing of similar configurations. Pressure is positive
upward.
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quency, and so forth. This conversion to high frequencyyis
shown in figure 20. In figure 20 (b) (gage 1 is inoperatite)
there is no valve motion and the high frequency of 900 cyéles
per sscond is superimposed on the 160-cycle-per-second buzz.
In figure 20 (a) the valve is slowly closing to the position of
figure 20 (b), and in this case the high-frequency breakdown
results in a 1400-cycle-per-second buzz with the elim'iﬁation
of most of the low-frequency pulses. An examination of
other records and motion pictures at slightlymr_%llller mass
flows showed a possibility that the frequency of oscillation of
the bifurcated part of the shock to be about 90¢. cycles per
second when the upper part of the shock was responding to
the low frequency.

Figures 19 and 20 also prove the fact that the buzzing
cycles are not necessarily repeatable, but that single pulses
may occur or the cycle change drastically with no change in
ram-jet geometry. Averaged results for the high and low
frequency, obtained with no valve motion, similar to that in
figure 20 showed a variation of less than ¥ percent in pressure
recovery and mass flow which is less than the scatter of the
tests.

The flow of the longer 1.278-40.1° model did not break
down completely into a high-frequency oscillation for
periods longer than 0.02 second, but the pressure records did
show evidence of such high frequency which was usually
definitely subordinate to the low frequency. Previous
unpublished data of tests at the Langley Aeronautical
Laboratory have, however, shown the high-frequency
oscillation to be present in high L/D models. Safety con-
siderations, plus the doubt that large amplitude oscillations
would be free from influence of the test-section boundaries,
prevented all but a few runs of large pulsation amplitude for
configuration 4.026—40.1°. No runs for the 14.91 L/D model
were made at a low enough mass-flow ratio for the high fre-
quency to appear predominant, though the oscillation fre-
quency of the lambda shock was determined to be about 350
cycles per second compared to the 900 cycles per second of
the model smaller by a factor of 1/3. A few runs were made
at low mass flows for the 4.026-29.82—40.1° configuration
and these also had high-frequency components subordinate
to the low frequency.

Figure 21 is part of an 850-frame-per-second shadowgraph
motion-picture film taken concurrently with the pressure
record shown in figure 19 (b) of a single spasmodic pulse of
configuration 1.278-14.9140.1°. The shadowgraph frames
are numbered to correspond to the numbers on the pressure
record.

From these shadowgraphs it is evident that an appreciable
part of the total shock motion, as well as almost all of the
lambda shock motion, occurs between frames 9 and 10. This
is in agreement with the pressure record of the gage at /L=
0.275 which shows, more sharply than the other gages, the
break in pressure which for this particular gage occurs con-
currently with shadowgraph frame number 10. The time
lag, or time for a wave to travel from the cowling lip to
#/L=0.275, is about one-half the time between frames.
Thus, in this case, where it should be emphasized there was
no valve movement whatsoever, it is evident that the overall
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Fiqure 21.—High-speed motion-picture shadowgraphs of isolated
spasmodic pulse in buzzing of configuration 1.278-14.91-40.1°,

ram-jet geometry can have no effect on the initial shock
motion. This is substantiated by the fact that the initial
shock motion, which is an appreciable part of the overall
motion, has been completed before any waves which it
generates at the inlet have had time to travel even 4 diameters
downstream, let alone have had time to reflect from any
significant geometrical or aerodynamic changes and return
to the cowling to influence further motion. The reflection
from the valve of the start of the initial expansion reaches the
inlet at frame 12, but the shock does not start to retreat until
frame 19 although expansion waves reflected from the nozzle
are continously hitting the shock during the interval be-
tween frames 12 to 19. The fact that the shock does not
start to move rearward when the reflected expansion from
the exit nozzle strikes iv from behind indicates that there must
be a flow phenomenon at or near the cowling which generates
compressions to cance]l the effect of the expansion. The
above shock motion"is not peculiar to this particular con-
figuration but has been observed to occur in other tests.
Although meny of these tests may have a gradual throttling
process, it is found that the shock is still out of equilibrium
with the rearward part of the ram jet (that is, it moves
faster than the low throttling rate would require).
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Note also that the normal shock is slightly further ad-
vanced than the position of figure 15 (f) at the incipient mass
flow. Thus for a short period of time the shock has an
equilibrium position at a mass flow below the value for start
of buzz.

The model pairs having the same diameter, supersonic
diffuser, and subsonic diffuser configuration have approxi-
mately, within the expected maximum error, the same pros-
sure recovery mass-flow curves (figs. 5, 6, 8, 9, 11, and 12).
In the unsteady flow range there does appear a slight
tendency for slightly higher pressure recoveries for the shorter
L/D models. Now only the combustion-chamber volume
varies in these comparable pairs. Since the combustion-
chamber volume changes by a factor of about three between
the 29.82 and 14.91 L/D models, according to the resonator
theory of reference 6 the slope of the pressure recovery
against massflow curve at the start of buzz for these con-
figurations with continuous slopes should also vary so that
the slope of the 14.91 L/D model should be three times the
slope of the 29.82 L/D model since the absolute values of
pressure recovery and mass flow at start of buzz are the same
(table IIT). However, the experimental curves for the
40.1° and 48.1° configurations having continuous slopes
show that the low L/D models generally have a smaller, not
larger, slope.

DISCUSSION OF STABILITY CRITERIA

Since various contrasting theories (refs. 4 to 6) have been
expounded regarding the start of instability of supersonic
diffusers, there is a definite need for clarification of the subject.
It will be advantageous to consider first the basic aero-
dynamic phenomena involved in the initiation and con-
tinuation of the buzz eycle.

Quasi-one-dimensional theory for originating mechanism.—
The theory of reference 5 describes the buzzing cycle once it
has been initiated and assumes the initiating mechanism to
be some form of separation near the inlet. It was found that
an unsteady-flow theory based on a quasi-one-dimensional
analysis gave very close correlation to the experimental
pressure-time records in the ram-jet model. The shortest
model studied, with an L;D of about 16, was rather long for
a ram jet; however, since the gage nearest the cowling,
located about 5 diameters downstream from the cowling,
showed excellent agreement with the plane wave theory, it
may be assumed that plane wave theory holds for ram jets
having L/D greater than 5 and probably even to lower values.

On a quasi-plane wave basis the buzzing cycle may be
analyzed in the following manner: In the start of buzzing the
normal shock moves outward away from the cowling and
this shock motion requires compression waves to strike the
downstream side of the shock. Since the pressure-tims curves
of reference 5 and figure 19 show that in the absence of rapid
throttling there are no compression waves moving upstream
inside the ram jet at any appreciable distance from the
inlet, then the required compression waves must be generated
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at or near the cowling entrance. Equation (2) of reference 5
shows that cither a flow area decreasing with time or a flow
entropy increasing with time is needed to generate upstream
moving compression waves (that is; an increase of the
parameter £) in eq. (2) of ref. 5). A separation, or even an
unscparated boundary layer growing with time, satisfies
both these requirements since the rate of displacement
thickness growth produces a decteasing effective flow area
while coneurrently the entropy is increasing due to boundary-
layer losses.

The entering of the vortex sheet from the conical-normal-
shock intersection into the cowling will also result in both a
reduced flow area for the flow inside the vortex sheet and,
after mixing, an increased entropy. Moreover, the entrance
of the vortex sheet must be violent and dbrupt since the
vortex sheet itself cannot stagnate on either the outer or
inner surface of the cowling because of the total pressure
difference existing acrossit. Thus, the entrance of the vortex
sheet or the growing of the boundary layer (separation)
have much the same effect as closing a throttling valve
located near the inlet.

Thus, the mechanism of buzz initiation may be described
as follows: The entrance of the vortex sheet, increasing sepa-
ration, or boundary-layer growth (behind the shock), either
on the central body or on the inner surface of the cowling,
generates a compression wave which forces the normal shock
outward. This initial growth may be very small and may
result from the random fluctuations present in the flow.
Such a case was illustrated in figure 19 for no valve motion.
When buzzing arises during throttling, the compression
waves generated by the throttling process force the shock
to a position where either a random pulse at the inlet or the
next small wave from the exit throttle may perturb the shock.
In cases where the entrance of the vortex sheet into the
cowling causes the initiation of buzz, the pulse generated by

the abrupt motion of the vortex may also be augmented by
separation on the cowling surface so that the compression®

wave gencrated is stronger and consequently the shock is
generally forced out abruptly. Reference 4 explains that
the case in which the vortex sheet enters the cowling without
causing separation is a result of the mixing of the low and
high energy air on each side of the vortex sheet before sub-
sonic diffusion occurs. In addition, the pulse created by the
vortex motion would be weakened for the inlets having
sharper leading edges and thinner cowling thicknesses.
These possibilities could explain the observed entrance of
the vortex sheet into the cowling without causing buzz.
In cases where separation on the central body initiates the
buzz there is usually no such rapid growth of the separated
region, instead a small growth of separation generates a
compression wave which forces the shock out slightly.
However, in this new forward position to which the shock has
been forced, new flow conditions exist behind it which include
o more adverse pressure gradient between the shock and the
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cowling entrance. Consequently, additional separation may
occur with consequent production of more compression waves
to force the shock out farther, and so forth. This outward
motion of the shock will continue until either (a) an equilib-
num. condition is reached in the region of flow between the
shock and separation region, or (b) an expansion wave can
strike the shock from behind to lower its back pressure so
that it will retreat toward the cowling (see ref. 5).

It is to be noted that it%is" not necessary to ‘“‘choke” the
entering flow in the sense that sonic velocity must be obtained
near the cowling entrance to start buzzu,gb The rate of
effective-flow-area decrease and entropy- increase are the
important parameters, though it must also be emphasized
that these factors will generate stronger waves when the
Mach number is near unity.

Wave cycle—Now that the basic phenomena involved in
the initiation of buzzing have been described, the mechanism
by which it is perpetuated will be reviewed (see ref. 5): The
outward motion of the shock and the increasing boundary-
layer displacement thickness reduce the mass flow through
the diffuser. This reduced mass flow results in an expansion

'wave which moves down the subsonic diffuser and combus-

tion chamber and lowers the pressure, density, and velocity.
At the sonic exit nozzle, this downstream expansion is re-
flected as another expansion wave which moves upstream
until it meets the shock. Whereupon the shock moves
rearward and passes through the position it had at the start
of buzz. The separation which originally caused the buzz
is not as large at this time because the upstream expansion
wave creates a favorable pressure gradient and the retreating
shock results in reduced losses. In other words, as the
shock passes the position from which buzzstarted the flow
conditions are not the same. A change in flow pattern at
the same shock position is shown in the instantaneous shad-
owgraphs, figure 22. Since the lambda pattern is known to
exist in the outward motion, the other flow configuration
probably occurs during the retreating shock motion. This
would also be in accord with the effect of favorable pressure
gradient just mentioned. The rearward shock motion gen-
erates a downstream compression wave, which in turn reflects
as another compression wave moving upstream until it also
strikes the shock.

In certain cases, since the strength of the waves reflected
at the nozzle depends on the relative constriction of the
nozzle area to combustion-chamber area, this reflected com-
pression is strong enough to return the shock to the position
at which buzzing began, and consequently another cycle
starts immediately. The frequency is then nearly identical
to that of an organ pipe closed at one end with a length equal
to the ram jet.

In other cases the first reflection is weaker so that the shock
is not moved far enough forward to reach the buzzing posi-
tion. However, since the compression-wave—shock-wave
interaction results in the generation of a downstream com-

-
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Fiqgure 22.—Instantaneous shadowgraphs taken during buzzing of
configuration 1.278-14.91-40.1° to show variation in flow pattern
at foot of shock when outer part of shock is at same position.

pression which is in turn reflected at the nozzle as an upstream
compression wave, this latter wave may move the shock out
far enough for the next cycle to commence. If not, further
compressions are generated and reflect until the shock is
finally forced upstream to the point where it initially started
to buzz. In reference 5 extremely close correlation between
theory and experiment proved this behavior.

There are also cases where a reflected compression wave in
itself is sufficient to push the shock ahead of its initial posi-
tion, in which case the shock will move farther out in the next
cycle than it did in the previous one. In this manner the
amplitude of the oscillation may increase from its original
one without further throttling.

In cases of a very high frequency buzz (fig. 20) which
generally occurs at the lower mass flows of certain inlets
there is insufficient time for any wave whatsoever to traverse
the ram jet in the period of one cycle. Consequently the
“gource” of the buzz must be the flow in the immediate
vicinity of the inlet, although the alteration or amplification
of these pulses may depend on the overall ram-jet flow. In
other words, the shock and boundary-layer oscillations ahead
of the ram-jet ducting may be compared to a tuning fork
at the mouth of an air column. For example, the oscillation
frequency of the foot of the shock of configuration 1.278—
14.91-40.1° appeared to be about 900 cycles per second while
the remainder of the shock pattern oscillated at & much lower
frequency. Since the fifth harmonic (second and fourth do
not exist) of the ram-jet ducting considered as an organ pipe
closed at one end is about 870 cycles per second, it is not at
all surprising to find high-frequency buzzing in the range of
800 to 900 cycles per second as described previously. A
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possible explanation for the mechanism of the source of the
buzzing is the fact that the normal shock, which is in motion
due to separation in its rear, will move far enough forward

.50 that the cone boundary layer existing at its foot becomes

small enough and possesses enough momentum to be able
to withstand the pressure ratio of the shock without separat-
ing, or at least without separating as much. Now since it is
the rate of increase in separation, boundary layer, or entropy
which causes the upstream moving compression waves that
keep the shock in motion, when this rate falls off, resultant
expansion waves will travel upstream to start the shock
moving rearward again. As the shock moves rearward the
boundary layer becomes more susceptible to separation and a
point is reached where the rate of change of the aforemen-
tioned variables become positive and the next cycle com-
mences.

Proposed theory for stability criteria of supersonic inlet in
cold flow—It has been shown for axisymmetric conical
center body supersonic inlets without heat addition that the
pressure disturbances (in the absence of rapid throttling)
originate at or near the cowling entrance. IFurthermore,
-the sound wave traveling downstream and carrying the
“news’” of the initiation of buzz reaches the combustion

- chamber only after the second shock has completed a sub-

stantial part of its outward motion. Consequently, in these
cases it is impossible for the mechanism which determines the
stability to be located in the combustion chamber (in cold
flow); instead, one is forced to look for the answer in the
forward part of the ram jet at the supersonic diffuser and that
part of the subsonic diffuser just behind it near the cowling
entrance. It must also be noted that although the flow
inside the ram jet may be very closely approximated by
quasi-one-dimensional steady or unsteady flow, as in refer-
ence 5, the flow external to and ahead of the cowling cannot

-be so treated. The pressure pulses emerging from the cowling

spread out into the whole region of flow behind the normal
shock and are not “bound” by the streamline entering the
cowling.

Thus, a possible explanation of the phenomenon may be
examined qualitatively by considering the external flow
ahead of the cowling. An insight into the overall reaction
can be obtained by assuming quasi-one-dimensional flow
although it must be remembered the flow ahead of the
cowling is three-dimensional. In the one-dimensional-flow
model, the stream tube entering the cowling is considered
as a ‘‘channel” with flexible walls which expand at a rate
sufficient to account for the spillage of mass flow around the
cowling in the actual flow. Furthermore, any changes from
the unperturbed state of entropy ahead of the cowling are
assumed to occur not at the shock system but at the cowling.
In other words, a distortion is introduced by considering that
all of the generated waves are created at the cowling instead
of in the whole region between the shock and cowling. The
phenomena of increasing separation or boundary-layer thick-
ness, which generates upstream moving compression waves
and creates conditions of reduced mass flow and higher
stagnation pressure immediately behind them, have been

. discussed. Now with the concept of a perturbation (that is,

vortex entrance, increased boundary layer, separation)
which decreases the effective flow area and increases the
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entropy at the cowling entrance so that an upstream com-
pression wave is generated at the inlet, the conditions for
stability may be determined:

(a) Stable condition: If, as the shock is forced outward
with decreasing mass flow, the expansion waves generated
by the flexible walls (spreading out to accommodate the three-
dimensional spillage) are of greater strength than the net sum
of the initial compression wave and any additional waves
generated at the cowling due to flow changes arising from the
perturbed shock, then the shock will halt its outward motion
and retreat toward the cowling. It should be noted that
both a decrease in entropy rise through the shock system as
well as a decrease in separation or boundary-layer thickness
in the flow just after the shock (both conditions are associated
with an increase in the conventional total pressure recovery)
will result in the generation of expansion waves to aid those
arising from the flexible wall in forcing the shock to retreat.

(b) Unstable condition: If, as the shock is forced outward
with decreasing mass flow the expansion waves generated by
the flexible walls are of less strength than the net sum of the
initial compression wave and any additional waves generated
at the cowling, then the shock will not immediately halt its
outward motion. Instead it will move ahead of the cowl-
ing until it reaches an equilibrium with the flow in the
cowling (that is, the conditions behind the last wave originat-
ing at the cowling are matched by a particular shock position)
or until the net expansion wave (that is, the cumulative
wave) generated on the downstream side of the separation
“throttle” has an opportunity to reflect from the exit nozzle
and return to the inlet. Both types of shock motion are
domonstrated for the same diffuser configuration with
different combustion chamber lengths in figures 9, 10, 15,
and 16 of reference 5. Again it should be noted that an-
increase in entropy rise through the shock system and an
increase in separation or boundary-layer height (correspond-
ing to a decrease in the conventional total pressure recovery)
will result in the generation of additional compression waves
to help keep the shock in outward motion.

With these arguments in mind it is evident that the
stability of a supersonic inlet is determined by the relation
between the transient flow conditions behind the normal
shock and the instantaneous flow existing in the cowling inlet
of o conical diffuser. The fact that buzzing has been found
experimentally to arise concwrrently with 2 positive slope
of the mean (time averaged) pressure recovery plotted against
mass-flow curve (ref. 6) does not conflict with the above
analysis. Moreover, since the instability criteria proposed
previously in this section show that an instantaneous de-
crease in pressure recovery with mass flow at the inlet will gen-
erate destabilizing compression waves it would be surprising
if the instantaneous values integrated over a buzzing cycle
and then averaged did not yield values lower than the
steady-flow value at the last stable position.

A similarstability criterion based on separation or boundary-
layer growth could be applied to scoop inlets. Instead
of the dependence of stability on the boundary-layer effects
on the central body and cowling in the case of symmetric
conical inlets, the dependence would be based on the bound-
ary layer on the compression surface and the opposite wall.

The buzzing of convergent-divergent perforated inlets
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(ref. 2) might also be explained on & similar, but less compli-
cated, basis. Owing to lack of pressure-distance-time data,
it is impossible to definitely state the disturbance origin,
but the following probable solution is presented. In con-
trast to the conical inlets where separation on the central
body or inner cowling surfaces was the triggering mechanism,
for convergent-divergent perforated inlets the probable me-
chanism is the thickening of the boundary layer on the out-
gide of the cowling.

When 2 shock is located in the converging section of the
inlet the mass flow passing through the shock is equal to
that passing through the rearward perforations and through
the throat. Now along the outer surface of the cowling
the boundeary layer thickens abruptly at the position of the
internal shock because of the shock pressure differential
which is transmitted through the perforations and also
because of the increased mass-flow spillage through the per-
forations behind the shock (see fig. 19 of ref. 2). This thick-
ening of the boundary layer causes an oblique compression
wave to propagate into the free stream so that the pressure
in this region is above free-stream static.

Now if & momentary thickening perturbation of this
external boundary layer occurs, then the effective “ramp
angle’” of the layer will increase and the oblique compres-
sion wave increases in strength, the pressure increases, and
the increasing pressure on the outer side of the perforations
decreases the mass flow through them. The effect of
pressure on the mass flow may be verified by the appendix
of reference 2.

The reduced mass-flow spillage means that there must be
an increase in the mass flow through the throat, but this is
impossible without shock motion since the throat is choked
at the original shock conditions. The shock must then
move forward seeking to find another equilibrium condition
matching the flow through the perturbed shock with the
perturbed flow through the throat and perturbed spillage.
As the shock moves upstream (usually) into regions of higher
Mach number the losses across the shock will increase so
the stability will depend upon whether the spillage flow
can be increased enough to pass the added required mass
flow. The external pressure is also increasing as the shock
moves up because of increased shock strength and more
spillage to produce a larger boundary layer with resultant
stronger oblique compression waves.

In this case the stability of the inlet would then hinge on
the perturbed relationship of mass flow through the throat
and perforations and still be divorced from steady-state
combustion-chamber pressures. The remainder of the
buzzing cycle would follow and depend on reflections from
the exit nozzle,

Discussion of Ferri-Nucci vortex-sheet theory.—The sta-
bility theory (ref. 4) based on a vortex sheet impinging on
the cowling lip was found to be valid for the 44.2° configura-
tions. Since the conical shock intersected the cowling lip,
the vortex sheet struck the lip as soon as the normal shock
emerged from the cowling and prevented any steady mass-
flow reduction below the maximum attainable for this
configuration. However, for cowling angles of 40.1° and
48.1° there was no vortex sheet approaching the cowling
at the onset of buzzing dnd hence this criterion was not
applicable in these cases. The instability of these two
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models arose from separation on the central body at the
foot of the shock. Since the cone surface Mach number was
high (approximately 1.4), the pressure rise across the normal
shock should be appreciable and separation should be ex-
pected. Thus, the vortex-sheet criterion appears to be
inapplicable for inlets with high Mach numbers on the cone
surface unless the vortex sheet at critical mass flow is quite
near the cowling lip.

Other investigators have arrived at similar conclusions,
The vortex criteria may also become fallible for inlets having
very low rates of subsonic diffusion after the cowling lip.

. Discussion of Sterbentz-Evvard resonator theory.—The
theory of reference 6 is based on an analysis of the oscillation
in the ram jet which considers a resonator model similar to
that which might be obtained from a system composed of-a
mass with a weightless spring at each end. The ‘“mass”
is a “‘slug” of air in which compressibility is neglected and
which is located in the diffusing region of the ram jet. This
slug is assumed to oscillate as 2 unit parallel to the axis of
the ram jet so that a region of ‘“‘virtual separation” arises
between the lateral boundaries of this slug and the diverging
surfaces of the diffuser.

One of the “weightless springs” is the remainder of the air
in the ram jet (mainly the air in the combustion chamber)
where compressibility effects give rise to pressure changés
to provide a force-displacement relationship. The pressure
changes are assumed to result from the variation in the
amount of air present in the combustion chamber as the flow
of air entering from the diffuser and that leaving the choked~
exit nozzle vary with time. The inertia of the air in the
combustion chamber is neglected. The assumption is also
made that the pressure in the combustion chamber may be
considered constant throughout at any instant.

The other weightless spring is the external shock pattern
which gives rise to pressure changes exerting a force on the
upstream end of the slug. This spring has a spring constant
that may be either positive or negative. It is assumed that
total pressure, in lieu of static pressure, at the inlet produces
accelerating forces. Furthermore, the variation of this
total pressure from a mean value is assumed to be given by
the product of the variation of the subsonic diffuser exit-mass
flow from a mean value and of the mean slope of the curve
for subsonic-diffuser-exit total pressure against diffuser-
exit mass flow. In other words, it is assumed that the
dynamic performance of the supersonic diffuser is equivalent
to the mean (that is, quasi static) performance of the super-
sonic and subsonic diffuser combination.

The assumptions of constant density throughout the slug

and constant pressure at any instant in the combustion -

chamber is equivalent to assuming that the wave length of
the highest frequency component of the oscillation is much
larger than the length of the ram jet. If the high-frequency
components are to be ignored and only fundamental vibra-
tions considered then the ram jet must have a length neglig-
ible compared to the fundamental wave length.

Since reference 5 hag. proven that quasi plane waves
govern the buzzing cycle, it will be advantageous to attempt
a correlation between these waves and the resonator model.
The downstream spring is an approximation for the effect
of the moving plane waves including those reflected from the
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thoked exit nozzle. The upstream spring then should be
chosen as an approximation for the effect at the cowling
of the waves traveling upstream as well as reflecting from
the shock system and boundary layer at the cowling. How-
ever, by assuming the upstream ‘‘spring constant’” to be
given by mean values of the slope of the total pressure
against the mass-flow curve measured at the subsonic
diffuser exit, the approximation becomes dubious.

The oscillating slug of air in the diffuser neck is used to
approximate the fluid in the ram jet which has the highest
velocity perturbations. The plane-wave theory shows thal
the assumption of a choked nozzle results in the ram jot’s
acting much the same as an organ pipe closed (in regard to
perturbations) at the exit so that the velocity perturbations
are highest near the entrance. However, when the combus-
tion chamber is much longer than the diffuser, the momen-
tum perturbation in the combustion chamber cannot be
neglected.

Now if the frequency of oscillation is low and of a simple
harmonic type without higher frequency components so that
the wave length of the oscillation is much larger than the
length of the ram jet, then the relative pressure distribution
along the ram jet at a particular instant of time, obtained
by quasi-plane-wave theory, may be crudely approximated
by the resonator model. Thus, under these conditions,
the resonator model might be expected to give frequencics
of the correct order of magnitude.

However, this resonator model would still be inapplicable
for the determination of the correct stability parameters.
The reason for the possible usefulness on one hand for
frequency computations and the unsuitability for stability
computations on the other hand lies in the importance of
time effects and local flow conditions on stability.

It has been shown previously that the flow perturbations
at the start of buzz originate at the inlet and grow to an
appreciable size relative to their ultimate magnitude before
the waves generated by the start of the growth can travel
downstream to the combustion chamber. If waves traveling

_downstream with a speed equal to the sum of the sonic and

the fluid speeds reach the combustion chamber only after
such an appreciable growth, then it is obvious that any
entropy discontinuities, which move with the speed of the
fluid and which arise from the shock motion or boundary-
layer variations at the cowling, must arrive at the combustion
chamber at an even later time. Thus the springs of the
resonator model, which approximate (for frequency purposes)
the effect over a complete low frequency cycle of the waves
in the ram jet, are not applicable at the start of buzz since

_ the upstream waves are not present in the actual physical

phenomenon.

If one were to set up 2 mass and spring model for stability
purposes as an analogy to the stability criteria proposed in
an earlier section of this report, the mass would be the slug
of air between the normal shock and the boundary layer
or entropy disturbance near the cowling inlet which gives
rise to the upstream moving compression waves. The
upstream spring would exert a force related to the instan-
taneous value of pressure recovery and mass flow through
the shock and cowling system. There would be no down-
stream .spring for stability determination since, as proved

-
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previously, the initial motion of the slug would be unaffected
by reflections from the rear of the ram jet. However,
instead of the downstream spring acting on the rearward
surface of the slug, there would be a forcing function repre-
senting the waves generated by the boundary-layer disturb-
ance. The initial motion (stability) of the slug would
then depend upon the relation between the forces exerted
by the upstream spring and forcing function, where the
forcing function is also affected by feedback of a magnitude
dependent on the slug position. In this analogy the feed-
back forces represent the additional waves generated owing
to changes of entropy, effective flow area, and spillage
at the cowling inlet as the shock is displaced from its original
position. The stable case would then occur when a random
force arising at the rear face of the slug would move the slug
only slightly before the spring ahead could stop the motion.
The converse would then be true for cases of instability in
which case the slug would continue to move outward until
stopped by removal of the forcing function or (if enough
time has elapsed in the equivalent ram jet to permit reflec-
tions from the exit nozzle) the application of another restoring
force to the rear face.

The various assumptions employed in the resonator theory
of reference 6 should also be weighed closely. The very
critical assumption that the pressure oo the upstream face of
the slug can be given by a mean relation between total
pressure recovery and mass flow at the diffuser exit is par-
ticularly susceptible to doubt. First there is the question of
the indeterminancy of the slope of pressure recovery plotted
against mass flow for inlets, operating with the conical shock
at the lip of the cowling, which have no reduction in mass
flow without buzzing. The slope of the curve is then
discontinuous at the start of buzz (see fig. 7). Then there
also arises the question of the relationship of static to dy-
namic properties. For example, if the shock velocity may be
considered slow, the mass flow entering the cowling would be
the same for cases similar to those shown in figures 22(a)
and (b) and figures 22(c) and (d) where the shock pattern is
quite similar except for the bifurcation at its foot. How-
over, the similarity of pressure recovery in the combustion
chamber could be markedly affected by the varying degrees
of separation at the foot of the shock even though the mass
flow was the same. If the shock velocity may not be con-
sidered slow, then there immediately arises a discrepancy in
the assumption since the pressure recovery is different across
advancing and retreating shocks when the mass flow behind
them is the same. In addition, the assumption that the
instantancous static pressure at the inlet may be approxi-
mated by the quasi-steady total pressure at the diffuser exit
not only ignores compressibility at the inlet (where the Mach
number is high) but also disregards possible strong changes
in the performance of the subsonic diffuser as the shock moves
outward (usually) accompanied by separation either on .the
cowling or center-body surface.

TFinally, there is the question whether it is correct to use
mean values to describe quasi-steady-flow conditions for
part of a cycle when there is never any possibility of equi-
librium between the different parts of the flow. In other
words, if strong waves or disturbances exist at any instant
between the cowling and the subsonic diffuser exit, then the
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pressure perturbation at the cowling cannot correctly be
approximated as the product of the mean slope of the diffuser
exit pressure-recovery mass-low curve and diffuser exit
mass-flow deviation from the mean. For example, for the
configuration of figures 9 and 10 of reference 5 from the
instant the first cycle of buzzing begins (with the normal
shock at the cowling inlet) the conditions just behind the
shock never reach an equilibrium with those at the inlet
until the shock finally halts its motion and remains steady
two-thirds of the way out on the spike. In other words the
aforementioned equilibrium is never attained so that the
quasi-steady state never exists with the shock a quarter of
the way out, half the way out, and so forth. Yet a mean
value as employed in reference 6 presumes that the flow is in
equilibrium as it passes outward along the spike and that
possible steady flows exist a quarter of the way out, half the
way out, and so forth.

The neglect of the velocity perturbations in the com-
bustion volume, when the combustion chamber is long
relative to the diffuser length, must also be considered since
the ratio of the combustion chamber area to slug cross-
sectional area is usually between three and four. Thus
neglecting these combustion-chamber perturbations relative
to those in the slug roughly assumes that one-third or one-
fourth is negligible compared to unity.

The wave length of the oscillation and its higher frequency
harmonics in relation to the dimensions of the model must
also be examined. For example, for the higher frequency
oscillations of references 6, 7, and a British paper by C. F.
Griggs and E. L. Goldsmith (not generally available), the
wave length of the basic oscillations are only five to six times
the length of the model (i. e., an equivalent n between 2.5
and 3) so that the constant pressure and density assumptions
become inaccurate.

It should be noted that the resonator theory cannot
possibly be applied to the very high frequency buzzing
discussed in a previous section of this report and in the
British paper. The wave length of the high-frequency
oscillation in the latter paper, where the L/D ratios of the
models were approximately 3 to 3)%, was only twice that of
the model. The highest frequency oscillation of configura-
tion 1.278-14.91-40.1° had a wave length of less than half
the model length. Furthermore, the resonator theory of
reference 6 cannot account for an abrupt change in frequency
of any significant magnitude with no significant change in
valve position, mass flow, or pressure recovery.

Experimental data are compared with the resonator
theory in references 6 and 7 as well as in the British paper.
The experimental frequencies agree in regard to trend and
order of magnitude. The arbitrary value of the geometric
parameter denoting the end of the oscillating slug was chosen
by Griggs and Goldsmith to give a minimum resonator
frequency; yet the experimental values were always lower
than the resonator frequency (except for the very high
frequency cases) and errors ranged up to 50 percent of the
experimental frequency. It should be noted that when the
wave length of the oscillation was about five or six times as
great as the ram-jet length, Griggs and Goldsmith reported
theoretical frequencies consistently higher than experimental
values whereas references 6 and 7 found theoretical fre-
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quencies to be lower than experiment. Since & linearized
theory, when stretched to the limits of its applicability,
usually gives results consistently on one side of experimental
data this irregular behavior is at present unexplainable. -

The comparison between the slope of the diffuser pressure
recovery against mass-flow curve at start of buzz predicted
by the resonator theory and the experimental values of
reference 6 and others is not conclusive. Griggs and Gold-
smith state the magnitude of the slope to be so small for the
models tested that the criterion of a positive slope appears to
be sufficient for instability. The data of reference 6 indicate
buzzing to occur with a positive slope, but the magnitude of
the experimental slope sometimes exceeds and at other times
is not as large as the theoretical slope.

It should be noted that there are major differences between
the instantaneous relationship involving total pressure and
mass flow at the cowling which was employed as a stability
criterion in a previous section and the mean relationship
obtained from the resonator theory of reference 6. First, the
mean relationship is concerned with the whole-ram-jet
geometry while the instantaneous one is concerned only with
conditions local to the cowling. Secondly, changes in the
combustion-chamber total pressure are the result of buzzing
while the instantaneous variation at the cowling is a requisite
condition for instability. The separation throttling and
reduced mass flow generate expansion waves moving down-
stream into the combustion chamber which reduce the total
pressure, and of course these waves are later followed by
fluid of higher entropy. The fact that buzzing occurs only

with a positive slope of the mean total-pressure against mean -

mass-flow curve has been explained in a previous section as
resulting from a cyclic integration of the effect of the waves
and entropy increase.

The amplitude computations of reference 7 are based on
the same model as the frequency computations with the
exception that the upstream spring constant may be non-
linear and is determined as the slope of an assumed steady
flow relation between diffuser pressure recovery and mass
flow. Thus these computations might be expected to also
yield results showing the general trends and orders of
magnitude. It has been stated previously in this report that
the quasi-plane-wave solution for certain frequencies might
be approximated by constant pressure in the combustion
chamber at any instant of time. However, there is a varia-
tion in amplitude along this chamber which can be significant
for amplitude considerations at higher frequencies. An
examination of the experimental data of figure 4 of reference
7 reveals several facts pertinent to this argument. First
the higher frequencies of each of the long and short models
are inversely proportional to the model lengths, which sub-
stantiates the fact that quasi plane waves govern the oscilla-
tion. The wave length of the particular oscillation is about
5% times the length of the particular ram jet (n=2.9).
Now the experimental amplitudes were measured at different

values of % (z/L=~0.8 for small models, z/L=0.5 for large)
and consequently since quasi-plane-wave theory predicts
and experiments show amplitudes increasing with z/L it is
to be expected that the measured amplitudes would be
higher for the shorter model. If the gages had been located
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at the same value of z/L the amplitudes could be nearly
equal. The result obtained by the resonator method which
predicts higher amplitudes for the shorter model may be
interpreted to reflect the fact that the longer-combustion-
chamber length relative to total length of the larger volume
ram jet yields an average pressure amplitude over that
length which is less than the average pressure amplitude
over the shorter relative length of the small-volume ram
jet (since these lengths are taken from the exit of the ram
jet and local amplitude increases as the exit is approached).

In conclusion it may be stated that the model assumed
in the resonator analysis of references 6 and 7 may be
considered a rough approximation to the actual phenomena
when applied for purposes of obtaining the general trends
and orders of magnitude of frequency and amplitude of
oscillation providing the wave length of the highest frequency
component of the oscillation be much larger than the length
of the ram jet. The resonator analysis is not applicable
when considering the initial instability of the inlet without
combustion and should not be so applied to obtain such
stability criteria.
COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL PRESSURE

AMPLITUDES AND MASS FLOW

The theoretical approximation to determine pressure
amplitude variation with mass flow was applied with the
assumption that the shape of the pressure-time curve at
2/L=1 be either sinusoidal or sawtooth with equal time
intervals between peaks and valleys. The sinusoidal form
is often found experimentally for the lower amplitudes. As
the buzzing becomes more violert, the general form of the
pressure-time curve usually becomes more highly peaked so
that a sawtooth curve more nearly approximates the actual
curve. Of course, the experimental pressure records at
higher amplitudes are usually made up of many superimposed
waves, but these pressure variations also can be approximated
by adding simple curves. For example, figure 23 compares
the pressure-time curve obtained experimentally for con-
figuration 1.278-14.91—48.1° with the one obtained by
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Figure 23.—Comparison of experimental pressure-time record with
pressure-time record obtained by adding sine and sawtooth pulses.
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adding a sinusoidal curve with n=1 to a sawtooth curve
with an equivalent n=3 and amplitude about four times
that of the sinusoidal curve (that is, a sawtooth curve
which has a frequency one-third that of the sinusoidal
curve). The small-perturbation-pressure-amplitude theory
permits the addition of such pulses since the governing
differential equation (eq. (8)) is linear, but it cannot predict
the relative amplitudes of the waves having different fre-
quencies without making some assumption regarding how
much of the decrement in mass flow is due to each particular
wave. Then a further assumption would be necessary
regarding the phase relationship of the waves in order to
obtain net peak values. Since there is no simple way of
estimating these factors, they are ignored and the ampli-
tudes computed as if the whole pressure and mass-flow
variation were due to the lower frequency (higher value of )
oscillation. Note that the n=1 oscillation has a very small
amplitude near the midpoint of the ram jet (see gage 3
at 2/L=0.602 of fig. 23), which approaches zero as z/L—1/2
and m—0.

The variation of pressure amplitude coefficient with axial
position along the ram jet for a value of M,=0.14 is shown
in figure 24 for both the sine curve and sawtooth curve.
The sawtooth curve predicts amplitudes from 0 to 20 percent
higher, other conditions being equal.

The variation of total amplitude coefficient with incipient
Mach number is shown in figure 25 for various values of # at
#/L=0.838. Since the experimental effective incipient
Mach number for all configurations tested was close to
M»=0.14, this value was used as a basis to compare the
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theoretical and experimental trends of amplitude shown
plotted against mass flow in figures 26 and 27. The theo-
retical curves are drawn for z/L=0.838; whereas the experi-
mental points include values at x/L=0.838 and 2/L=0.919
(gages 4 with L/D=14.91 and 29.82). However, from
figure 24, it may be seen that there is only a slight difference

in the predicted amplitude at the two stations. Reference
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5 states that for buzzing other than the very high frequency
type there is a minimum of two complete wave traversals
per cycle (n must be equal to or greater than 2) and the
pressure records”of the present tests showed most of the
runs to have frequencies corresponding to values of n between
2 and 3. Consequently, only the corresponding theoretical
curves are shown for n equal to 2 and 3. The general
agreement for the lower amplitudes tends to substantiate
the theory and the assumptions involved, while the agree-
ment at the higher amplitudes is only a coincidence and must
not be construed to mean the theory is applicable to large
amplitudes. )

The experimental results indicate that the supersonic
diffuser configurations, when used in conjunction with the
same subsonic diffuser, yield similar curves of amplitude
plotted against mass-flow decrement. The value of M, how-
ever, may often depend largely on the supersonic configur-
ation.

A simplified method for predicting the mass-flow reduc-
tion below the value at start of buzz without exceeding a
given small pressure amplitude may be obtained from the
linearized theory. Since n usually decreases (frequency in-
creases) as the mass flow is reduced (see refs. 5 and 6) for a
given configuration, the value of » may be assumed to be 4
or greater at the start of buzz. Higher values of n will
yield lower permissible mass-flow reductions for a given am-
plitude. In other words, the “factor of safety” of the pre-
diction increases as the chosen value of # increases. Then
employing values of m, and M, assumed from geometry of
the ram jet or experimentally determined, the permissible
reduction in mass flow for a given small amplitude of pres-
sure pulsation may be obtained from equations (28), (29),
and (30).

CONCLUSIONS

An analysis based on & quasi-one-dimensional-flow model
has been made of the flow in a ram jet with supersonic
diffuser. The results indicate the following conclusions:

1. From a theory developed on a quasi-one-dimensional-
flow basis, it was found that the stability of the ram jet is
dependent upon the instantaneous values of mass flow and
total pressure recovery of the supersonic diffuser and im-
mediate neighboring subsonic diffuser. Conditions for
stable and unstable flow were presented.

2. The model assumed in the resonator analysis of NACA
TN 3506 may be considered a rough approximation to the
actual phenomens when applied for purposes of obtaining
the general trends and orders of magnitude of frequency and
amplitude of oscillation providing the wave length of the
highest frequency component of the oscillation be much
larger than the length of the ram jet. The resonator analysis
is not applicable when considering the initial instability of
the inlet without combustion and should not be so applied to
obtain such stability criteria.

3. A simple theory for predicting the approximate ampli-
tude of small pressure pulsation in terms of mass-flow decre-
ment from minimum-stable mass flow was developed and
found to agree with experiments.
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In addition to the theoretical results, cold-flow tests al a
Mach number of 1.94 of ram-jet models having scale factors
of 3.15:1 and Reynolds number ratios of 4.75:1 with several
supersonic diffuser configurations indicated the following
results:

1. The predominant variation in steady-flow performance
resulted from the larger boundary layer in the combustion
chamber of the low Reynolds number model.

2. The conditions at which buzz originated were nearly
the same for the same supersonic diffuser (cowling-position
angle) configurations in both large and small diameter
models. There was no appreciable variation in stability
limits of any of the models when the combustion-chamber
length was increased by a factor of three. The negligible
effect of Reynolds number on stability of the off-design con-
figurations was not anticipated in view of the importance of
boundary layer to stability, and this result should not be
construed to be generally applicable.

3. The unsteady-flow performance and wave patterns were
also similar when considered on a reduced-frequency basis
depending on the relative lengths of the model.

4. The velocity profile in the combustion chamber at both
Reynolds numbers was appreciably influenced by an anglo
of attack of 0.5°. The external shock pattern was notice-
ably affected only for the lower cowling-position angles.
The pressure recovery and mass-flow values at the start of
buzz were not noticeably affected.

LANGLEY AERONAUTICAL ILLABORATORY, .
NatroNnaL Apvisory COMMITTEE FOR AERONAUTICS,
LanerLey Fiewp, Va., July 28, 1953.
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